Abstract This study explored the developmental trajectories of postpartum weight from 0.5 to 3 years after childbirth, and aimed to determine the associations between postpartum weight trajectories and prepregnancy body mass index and adequacy of gestational weight gain (GWG). Data from the Norwegian Mother and Child Cohort study were used, following 49,528 mothers 0.5, 1.5, and 3 years after childbirth. Analyses were performed using latent growth mixture modeling. Three groups of developmental trajectories of postpartum weight were found, with most women (85.9 %) having a low level of weight retention initially and slight gain over 3 years, whereas 5.6 % of women started at a high postpartum weight retention (on average 7.56 kg) at 0.5 years but followed by a marked weight loss over time (2.63 kg per year on average), and the third trajectory represented women (8.5 %) who had high weight retention high initially (on average 4.67 kg at 0.5 years) and increasing weight over time (1.43 kg per year on average). Prepregnancy overweight and obesity and excessive GWG significantly predicted a high postpartum weight trend. Women had substantial variability in postpartum weight development-both initially after birth and in their weight trajectories over time. Early preventive interventions may be designed to assist women with prepregnancy overweight and obesity and excessive GWG, which helps to reduce the increasing trend for postpartum weight.
Introduction
Obesity among women is increasing globally [1] , and excessive postpartum weight retention (PPWR) has been regarded as one of the most important risk factors for this concerning trend [1] [2] [3] [4] . Although studies have commonly reported a relatively small average of PPWR, ranging from 0.5 to 1.5 kg during 6-18 months postpartum, substantial variability in weight retention has been documented, ranging from a gain of 26.5 kg to a loss of 12.3 kg 1 year after pregnancy [5, 6] . In general, studies have reported that 13-20 % of mothers retain 5 kg or more above their preconception weight measured 1-year postpartum [7] . However, other studies have documented a decline in mean postpartum weight until 12 months postpartum and then a steady increase [4] . Furthermore, PPWR at 1 year postpartum appears to be an even stronger predictor of overweight 15 years after pregnancy than weight gain during pregnancy itself [8] . Little work has been done to characterize the trajectories of postpartum weight and capture the variability in weight retention or gain over time. Such research is important to understand the natural course of postpartum weight, to identify high-risk groups for overweight and obesity, and help to design targeted prevention programs, which may have important public health impact on obesity and related disorders.
Higher prepregnancy body mass index (BMI) has been identified as potential risk factor for PPWR and subsequent overweight and obesity but research findings examining the association between prepregnancy BMI and postpartum overweight have been inconsistent [7] . A review of studies exploring the relation between prepregnancy BMI and PPWR yielded mixed results with some studies reporting a positive association, some no association, and some an inverse association [7] . Non-significant differences in weight retention between women who were normal weight and overweight before pregnancy were reported as well [8] . Limited sample sizes and selfreporting bias have been suggested as the primary reasons for the conflicting findings [7] . However, the patterns of developmental trajectories for postpartum weight across prepregnancy BMI groups have rarely been investigated.
Gestational weight gain (GWG) in excess of 2009 Institute of Medicine (IOM) recommendations is strongly and positively associated with high PPWR [7, 9] . Women with excessive GWG are still at a greater risk of being overweight or obese even two decades after the index pregnancy [10] . Nevertheless, it remains unclear how the developmental trajectories of postpartum weight are related to GWG, and, in particular to the adequacy of GWG based on IOM definition [11] . Since women with excessive GWG retained more weight than those who gained within the recommendations [9] , focusing on average GWG may not necessarily demonstrate a greater risk for persistent postpartum weight retention or gain. Thus, investigating the impact of adequacy of GWG on the developmental trajectory of postpartum weight may provide results with important implications to the rising trend of overweight and obesity among women of reproductive age.
Generally, many of the prior studies examining prepregnancy BMI, GWG and PPWR have been limited by short follow-up periods (\3 years after birth), small sample sizes, and a lack of control for multiple confounding covariates. Thus, little is known about individual differences in the amount of weight retained or gained. In this study, we therefore aim to examine postpartum weight trajectories up to 3 years after birth, and to determine the effect of prepregnancy BMI and adequacy of GWG on trajectories of postpartum weight. The current study used data from the population-based longitudinal study-Norwegian Mother and Child Cohort study (MoBa).
Methods and Procedures

Participants and Procedures
MoBa is a prospective population-based pregnancy cohort study conducted by the Norwegian Institute of Public Health [11] . Participants were recruited throughout Norway from 1999 through 2008, and 38.5 % of the invited women consented to participate. The cohort includes 108,000 children and 90,700 mothers. Informed consent was obtained from each MoBa participant upon recruitment. The study was approved by the Regional Committee for Medical Research Ethics in southeastern Norway and the Norwegian National Data Inspectorate. The response rates among women who consented to participate (38.5 %) were 84.5, 72.5, and 58.7 % at 0.5, 1.5, and 3 years postpartum, respectively. A complete description of recruitment and data collection has been published elsewhere [11] .
The current study is based on version 7 of the quality assured data files released in 2013. This data version included 103,606 mother-child records. The analysis population included MoBa participants who: (a) had nonmissing self-reported age; (b) had a live, singleton birth; (c) had the first pregnancy in the MoBa cohort regardless of parity status, i.e. if a woman enrolled in MoBa more than once (due to additional pregnancies), only the first pregnancy was included; (d) had returned questionnaire 1 before delivery; (e) did not complete an early pilot version of questionnaire 1; (f) had plausible values for prepregnancy and postpartum weight (30 kg \ weight before and after pregnancy B 300 kg), and height values ([100 cm); (g) did not have extreme GWG values (-10 kg \ GWG \ 50 kg); (h) did not have extreme postpartum weight values (-10 kg \ postpartum weight \ 16 kg); (i) had biologically viable times for live birth (gestational age of the baby exceeded 140 days but was \309 days); and (j) had a recorded gestational age of baby per ultrasound. Figure 1 demonstrates how we reached the analytic sample of 49,528 mothers who met these criteria. The women who met the selection criteria were more likely to be older and highly educated, and have higher household income and fewer children compared to those women who did not meet the selection criteria. Moreover, research evaluating selectionbias in MoBa found significant differences in the prevalence of pregnancy outcomes and complications, and background characteristics between MoBa participants and the total Norwegian population of mothers; however, no statistically significant differences were found for exposure-outcome associations [12] . This suggests that although selection bias may be a problem with validity in studies of prevalence, it may be less problematic for studies of exposure-outcome associations.
Measures
Outcome Information about postpartum weight was obtained through self-report. Participants reported their weight at 0.5, 1.5, and 3 years after birth. Weight retention or gain (in kg) was calculated using self-reported weight before pregnancy subtracted from postpartum weights at each follow-up time point.
Predictors
Maternal prepregnancy BMI (in kg/m 2 ) was calculated using prepregnancy weight and height that were retrospectively reported at 18 weeks of gestation. BMI was GWG (in kg) was calculated using weight before pregnancy subtracted from weight at birth that was retrospectively reported at 0.5 years postpartum. The adequacy of GWG was defined as a ratio of observed GWG to expected GWG (the 2009 IOM recommendation) at the gestational age of delivery multiplied by 100, as described elsewhere [13, 14] . The calculated percentage of weight-gain was thereafter categorized as inadequate (less than the lower cutoff of recommendations), adequate (within recommended range), or excessive (greater than the upper cutoff of recommendations) for each prepregnancy BMI group. For example, a woman with preconception weight within the normal/healthy weight range (i.e. 18.5-24.9 kg/m 2 ) would be expected to gain 12.28 kg at 37 weeks of gestation. GWG below 85 % (i.e., 10.44 kg) of the expected value would be categorized as inadequate, between 85 and 118 % (i.e., 10.44-14.49 kg) as adequate, and above 118 % (i.e., 14.49 kg) as excessive. 
Covariates
Covariates included maternal age at delivery, parity (defined as total number of live births), maternal education, total household income, and breastfeeding status at 5 months. Breastfeeding was based on maternal report at 5 months. Predominantly breastfeeding was defined as breastfeeding without any supplements of formula milk or solid food. Although the current WHO recommendation is for exclusive breastfeeding (without any drinks, including water etc.), we applied the less restrictive category of predominant breastfeeding up to 5 months postpartum. If other feeding types had been used (either solid foods or formulas) then they were categorized as ''partially breastfeeding'', and a third category was ''not breastfeeding'' if the child was not receiving any breast milk [15] . All covariates were self-reported with the exception of maternal age and parity, which were captured from the Medical Birth Registry of Norway [16] . Adjusting for these factors allows for the examination of the unique association between postpartum weight and predictors (prepregnancy BMI and GWG status).
Statistical Analyses
Latent growth mixture modeling (GMM) was applied to model the developmental trajectories of postpartum weight. GMM is useful to model differences in growth trajectories of individuals over time. This analysis is accomplished by specifying latent trajectory classes (i.e., a categorical latent variable), which allows for differences in growth parameters (intercept and slope) across groups of individuals [17] . GMM also captures heterogeneity in growth parameters across the latent classes, while assuming homogenous growth trajectories within a class [17] . The models were estimated by using the robust maximum likelihood approach; specifically an expectation-maximization algorithm was applied. The time values were coded as 0, 1, and 2.5 representing 0.5, 1.5 and 3 years postpartum respectively. Missing data were modeled by using full-information maximum-likelihood (FIML) method with the assumption that the data are missing at random [18] . Given the study objectives, the framework of analyses for the GMM is presented in Fig. 2 . The developmental trajectories of postpartum weight at 0.5, 1.5, and 3 years are estimated by growth parameters (''I''-intercept, initial status of PPWR and ''S''-slope, postpartum weight change rate over time). A categorical latent variable ''C'' represents the unobserved subpopulation membership for each developmental trajectory of postpartum weight, where each subpopulation (latent class) is represented by specific growth parameters (means and variances in ''I'' and ''S''). The GMM is extended by including time-invariant predictors and covariates that predict the membership of subpopulation to each latent class of postpartum weight.
To perform the above mentioned framework of analyses, we fitted the conditional GMM that included ''C'', predictors, and covariates. Then, the optimal number of latent classes was determined by comparing the Bayesian Information Criteria (BIC), entropy, and the bootstrap likelihood ratio test (BLRT) among growth-mixture models with different numbers of latent classes [17, 19] . The effects of predictors on ''C'' were estimated by multinomial logit models. Data analyses were performed in Mplus version 6.12. For the analyses, a p value \0.05 is considered statistically significant.
Results
Characteristics of the Study Population
Descriptive statistics for the characteristics of study population are presented in Table 1 . The mean age of women Fig. 2 A framework of analyses for a growth mixture model. Note not all variances and covariance for endogenous and exogenous variable, and factor loading for slopes are shown in the study was 30.3 years (SD = 4.64). About 44 % of women were living in households with more than 500,000 NOK annual income (& $84,000). Around two thirds had a college or university education. Close to 50 % of women were first-time mothers, whereas 31.7 % had one child, and 18.9 % of women had two or more children before the current pregnancy. About 51 % of women had predominantly breastfed the current baby during the first 5 months postpartum. As to prepregnancy BMI, 67.8 % of women had BMI within the normal range, whereas 3.2 % fell within the underweight range, 21.4 % fell within the overweight range, and 7.6 % fell within the obese range. The mean GWG was 15 kg (SD = 5.72), with about a quarter in the inadequate GWG group, 35.5 % in the recommended GWG group, and 40.2 % of women in the excessive GWG group. The adequacy of GWG was calculated based on WHO and the 2009 IOM guideline for each BMI category.
Developmental Trajectories of Postpartum Weight
The mean postpartum weight retained or gained (M ± SD in kg) was 1.36 ± 4.15 at 0.5 years, 1.25 ± 4.18 at 1.5 years, and 1.87 ± 4.39 at 3 years. As an initial exploratory step, we first estimated linear growth curves to describe the trajectory of postpartum weight in all participants by the growth factors (intercept and linear slope). The model indicated that the mean of intercept and slope of postpartum weight were 1.29 (SD = 3.26, p \ 0.001) and 0.16 (SD = 0.85, p \ 0.001), showing the average PPWR at 0.5 years to be 1.29 kg, whereas weight increased significantly by 0.16 kg per year on average (BIC = 621,560; root mean square error of approximation = 0.08; Comparative Fit Index = 0.98). The correlation between intercept and slope in this model was negative and significant (-0.76, p \ 0.001), suggesting that the rate of increase in postpartum weight is dependent on the initial PPWRthose with greater PPWR at 0.5 years tended to have an attenuated increase in weight over time. Also, the significant slope growth factor variance indicated that not all women retained or gained weight at the same rate, but they had significant variability in their rates of postpartum weight change over time.
To examine the heterogeneity of developmental trajectories of postpartum weight from 0.5 to 3 years after birth, GMM was applied. As shown in Table 2 , we explored the number of distinct latent trajectory classes and compared them by goodness-of-fit indices-BIC, entropy, and BLRT. The BIC and the BLRT test suggested that the four class model represented a significantly better fit to group the trajectories of postpartum weight than the three class model; however, the three class model had the highest entropy indicating better latent classification [19] , on which we based our selection of that model. The model with three trajectories is also in accordance with previous theoretical and empirical work, where weight retention has been categorized as lost weight/no change, moderate, and high retention groups [20] . Based on the most likely latent class membership, the proportion of participants was 8.5 % (N = 3,679) for IHR-CG class; 5.6 % (N = 2,407) for IHR-SD class; and 85.9 % (N = 37,019) for ILR-CLG class. The variances of all growth factors in each class were significant (p \ 0.001), indicating that there were substantial interindividual differences in the initial status of PPWR and rate of changes in weight after birth.
Developmental Trajectories of Postpartum Weight, Prepregnancy BMI and Adequacy of GWG Table 3 presents the multinomial logistic model results for the effect of prepregnancy BMI and adequacy of GWG on the latent class membership of postpartum weight, while controlling for multiple covariates, such as maternal age, maternal education, household income, parity, and breast feeding. To obtain odds ratios (ORs), the ILR-CLG was set as the reference class. Also, normal prepregnancy BMI and the adequate GWG group were set as reference categories for prepregnancy BMI and GWG, respectively. Underweight before pregnancy and inadequate GWG were significantly and negatively associated with IHR-CG (ORs 0.56 and 0.63, respectively) and IHR-SD (ORs 0.43 and 0.39, respectively) classes versus the ILR-CLG class, suggesting lower odds of being in the IHR-CG and IHR-SD classes if underweight before pregnancy or having low GWG. Overweight and obesity before pregnancy and excessive GWG were significantly and positively associated with IHR-CG (ORs 3.16, 3.45, and 2.90, respectively) and IHR-SD (ORs 2.52, 3.26, and 6.06, respectively) classes versus the ILR-CLG class, suggesting higher odds of IHR-CG and IHR-SD class membership for these groups.
Discussion
The current study reveals that for most women, the trajectory of postpartum weight represented fairly moderate weight change-\2 kg in the 3 year after birth. However, 8.5 % of women reported an increasing trend in their weight, retaining around 5 kg at 0.5 years and increasing by 1.43 kg per year on average during the observation interval. Another 5.6 % of women reported initial high weight retention-about 8 kg at 0.5 years, followed by considerable loss of weight-2.63 kg per year on average. Previous investigations have also reported quite marked average variations with weight retention ranging from a gain of 26.5 kg to a loss of 12.3 kg 1 year after pregnancy [5, 6] , but none of these studies examined the individual variability in the weight trajectories in more detail. Importantly, our study implies the 8.5 % of women who continued to gain weight over the 3 years after childbirth were more likely to be overweight or obese before pregnancy and have experienced excessive GWG. Such associations are particularly concerning, given that the prevalence of obesity among Norwegian women has increased over the last 30 years, from 9-10 % in 1985 to 18 % in 2013 [21, 22] . If prepregnancy obesity is a causal risk factor for PPWR, then increasing obesity trends may negatively influence postpartum weight trajectories for a significant number of mothers.
Although little is known about risk factors that influence a pattern of high postpartum weight (IHR-CG women), a few longitudinal studies have suggested socioeconomic, psychological, and lifestyle factors may contribute [20, [23] [24] [25] . For example, Siega-Riz et al. [20] identified a number of predictors for a high weight retention at 3 and 12 months postpartum including: young maternal age; unemployment; low educational attainment; short sleep duration (B5 h); having an infant hospitalized after going home; disordered eating behaviors, and high total energy intake. The results in this paper indicate that postpartum weight retention or gain can still be a significant issue for women with relatively high income and education.
Additionally, a Danish population-based study revealed that feeling distress, depression, anxiety, and low socio-economic status were associated with high PPWR at 6 and 18 months postpartum [24] . Some biological factors have been also implicated, such as high serum insulin concentration during pregnancy, insulin resistance, and the G protein b3 subunit 825T allele [1, 26] . However, it is still unclear whether these predictors are causally associated with postpartum weight or whether they differentiate IHR-CG women from IHR-SD or ILR-CLG women. Each of these aspects of postpartum weight predictors will be followed in our future research.
Interestingly, 5.6 % of women in this study experienced a noticeable declining trend in their weight development, even though they started with a high PPWR at 0.5 years postpartum and were more likely to have a high prepregnancy BMI (C25) and excessive GWG. Although studies identified some women with average weight loss about 12.6 kg in the 1 year postpartum [5, 6] or 13.6 kg in 2.5 years after birth [27] , factors related to such marked weight loss have not been adequately studied. It is relevant to determine whether this declining trend is transitory or has permanent effects on long-term weight status.
It is perhaps not surprising that women with prepregnancy overweight and obesity and excessive GWG were more likely to be classified as having IHR-CG or IHR-SD trajectories than an ILR-CLG trajectory, even while controlling for some confounding factors. Despite inconsistent findings regarding the effects of prepregnancy BMI on postpartum weight and limited evidence about the association between adequacy of GWG and postpartum weight, there has been a well-documented positive association between postpartum weight, prepregnancy BMI, and GWG [7, 9, 20] .
To the best of our knowledge, this study represents the first longitudinal investigation of the developmental trajectories of postpartum weight using a large, populationbased sample (N & 50,000). Nonetheless, the study also has limitations. First, the present study had a low response rate. Of invited women, only 38.5 % agreed to participate in MoBa. However, this rate is characteristic of large epidemiologic studies and does not necessarily imply biased estimates of associations [28] . Second, the sample is rather homogeneous, as participants are predominantly white and more educated with a high average household income. Participants may therefore represent a healthier segment of population, which may limit the generalizability of study findings to the general population of childbearing women in Norway. The inclusion of more women with higher education and income and fewer births could underestimate postpartum weight retention or gain. On the other hand, studying predominantly older women may overestimate the development of postpartum weight, as maternal age over 40 years may be associated with greater postpartum weight retention or gain [23] . Third, excluding a larger proportion of women (i.e., those who did not meet the selection criteria) could be a source for selection bias. Fourth, while self-reported weights have been shown to be reliable [29] , there is a tendency for overweight or obese women to underestimate their weight, and for underweight women to overestimate their weight [7] . Moreover, another concern is that weight at birth is reported retrospectively 0.5 year postpartum. This might be inaccurate, as many of the participants may not remember or might not even know their weight at birth. Future research could extract weight at birth from the Medical Birth Registry of Norway, whereas such data are currently incomplete. Fifth, although the current study controlled for some confounders, the associations between postpartum weight and prepregnancy BMI and GWG could be confounded by multiple biopsychosocial and lifestyle factors. Finally, since the latent trajectories analysis is based on the data driven procedure, it requires replication to confirm the results.
In summary, the results suggest three distinct developmental trends of postpartum weight, with significant individual variability in both initial weight retention and rates of weight gain or loss over the 3 year after birth. Women with prepregnancy overweight and obesity and excessive GWG were more likely to retain weight initially and gain over time. Although most women retained or gained weight at a low level, those with an increasing trend in postpartum weight should be assisted through prevention program. Specifically, these findings emphasize the importance of developing acceptable and nonjudgmental approaches to assist women at high risk for postpartum weight, and to maintain weight gain within IOM recommendations during pregnancy. Additional studies are necessary to explore multiple bio-psychosocial and lifestyle risk factors and pathways associated with high postpartum weight. In our future research, we will investigate how biological, psychological, social and behavioral risk factors associate with the developmental trajectories of postpartum weight, and how this weight development relates to the risk of maternal and child overweight and obesity.
